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ABSTRACT

The NASA F/A-18 High Alpha Research Vehicle (HARYV) has been the flight test bed of a
focused technology effort to significantly increase maneuvering capability at high angles of attack.
Development and flight test of control law design methodologies, handling qualities metrics, per-
formance guidelines, and flight evaluation maneuvers are described. The HARYV has been modi-
fied to include two research control effectors, thrust vectoring, and actuated forebody strakes in
order to provide increased control power at high angles of attack. A research flight control system
has been used to provide a flexible, easily modified capability for high-angle-of-attack research
controls. Different control law design techniques have been implemented and flight-tested, includ-
ing eigenstructure assignment, variable gain output feedback, pseudo controls, and model-
following. Extensive piloted simulation has been used to develop nonlinear performance guide-
lines and handling qualities criteria for high angles of attack. This paper reviews the development
and evaluation of technologies useful for high-angle-of-attack control. Design, development, and
flight test of the research flight control system, control laws, flying qualities specifications, and
flight test maneuvers are described. Flight test results are used to illustrate some of the lessons
learned during flight test and handling qualities evaluations.

NOMENCLATURE
ANSER actuated nose strakes for enhanced rolling
CRAFT control power, robustness, agility, and flying qualities tradeoffs

HAIRRY High-Alpha Investigation of Requirements for Roll and Yaw
HANG High-Alpha Nosedown Guidelines

HARV High Alpha Research Vehicle

HATP High-Alpha Technology Program



KIAS knots indicated airspeed

MDA McDonnell Douglas Aerospace
N, normal acceleration, g

PIO pilot-induced oscillation
Pstability stability-axis roll rate, deg/sec
Pwind wind-axis roll rate, deg/sec

q body-axis pitch rate, deg/sec

" stability stability-axis yaw rate, deg/sec
RFCS research flight control system
STEMS standard evaluation maneuvers set
t time, sec

o angle of attack, deg

B angle of sideslip, deg

0 pitch angle, deg

Ovind wind-axis bank angle, deg

INTRODUCTION

Prior to the 1970’s, U.S. fighter airplanes exhibited poor stability characteristics at high angles
of attack. As a result, maneuvering was often limited by abrupt departure boundaries, and stall and
spin accidents were a major cause of loss of aircraft and crew.! With the emergence of “all-aspect
weapons,” close-in combat scenarios of future fighter aircraft are predicted to be dominated by the
aircraft that can most rapidly point the nose to obtain the first weapons firing opportunity. Thus,
the demand for increased agility and carefree maneuvering throughout the envelope led to a signif-
icant change in philosophy toward high-angle-of-attack flight. This change in attitude from “avoid-
ance” to one of “exploitation” spawned the development of research programs such as the X-31A
Enhanced Fighter Maneuverability,>? F-16 Multi-Axis Thrust Vectoring,* X-29A vortex flight
control system,’ and NASA High-Alpha Technology Program (HATP),® which were designed to
explore and exploit various aspects of the high-angle-of-attack flight regime.

The HATP is a multicenter, multidisciplinary program designed to take advantage of the
unique facilities and expertise at the NASA research centers and combine development of analyt-
ical tools, ground tests, and flight testing. The computational fluid dynamics research and wind-
tunnel testing were supported by the NASA Ames Research Center and the NASA Langley
Research Center. Inlet aerodynamics work was led by the NASA Lewis Research Center, and con-
trol law research and development was supported by NASA Dryden Flight Research Center and



NASA Langley Research Center. Flight testing was conducted at the NASA Dryden Flight
Research Center.

As figure 1 shows, the HATP includes research in computational fluid dynamics techniques for
computing the behavior of new control effectors and aircraft aerodynamics at high angles of attack,
wind-tunnel tests for experimental investigation of these same phenomena, analytical and simula-
tion studies of control power requirements, and a concurrent flight test activity to focus the evalu-
ation of all the technology areas. The shaded bubbles (fig. 1) show those HATP technologies
primarily contributing to control law and handling qualities development at high angles of attack.
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Figure 1. HATP research disciplines.

The approach to control system design for current- and previous-generation fighter configura-
tions has been primarily driven by two key requirements: achieving angular accelerations and rates
for maneuvering, and achieving closed-loop dynamics that provide the desired piloted flying qual-
ities for precision tasks. Maneuvering requirements were addressed primarily by proper control
sizing to provide the necessary control moment (often called control power) where needed. On
configurations using conventional aerodynamic controls, well-defined control system require-
ments were typically specified for low-angle-of-attack conditions. Requirements for high angles of
attack were not defined other than requiring sufficient margin from entering out-of-control flight.
This lack of definition reflects the common characteristic of conventional aerodynamic controls
where control effectiveness rapidly degrades at high angles of attack.

As the demand for high-angle-of-attack maneuverability has increased, the reliance on
advanced control effectors and high-authority control augmentation has increased to compensate
for the loss of airframe stability. In addition, nonlinear dynamic effects, such as inertial and kine-
matic coupling and yaw coordination, are greatly amplified at high angles of attack. As a result,



high-angle-of-attack control power and flying qualities requirements have become inseparably
linked and must be considered together with control system design methodologies and the maneu-
vers used to evaluate the overall result. The design of control systems for high angle of attack, «,
presents new challenges and requires new and integrated approaches to ensure that the flying qual-
ities and maneuvering performance are optimized.

The purpose of this paper is to provide an overview of the results used to develop and evaluate
some of the technologies useful for high-a control. Design, development, and flight test of the re-
search flight control systems, control laws, flying qualities specifications, and flight test maneuvers
will be briefly described. Some aspects of the concurrent development of control laws, specifica-
tions, and evaluation maneuvers will be discussed. Flight test results will be used to illustrate some
of the lessons learned during flight test and piloted evaluations.

CONTROLS AND FLYING QUALITIES RESEARCH SCOPE

One of the goals of the HATP has been to develop a flight-validated control system design pro-
cess for high angles of attack. As figure 2 shows, flight control design can be represented as an
iterative process beginning with airplane model development and an initial control law design and
progressing through simulation and flight test stages. Results at each stage, requiring specific
methods and criteria, are fed back to retune the design or perhaps even completely redesign the
control law. Because high o was not a well-understood flight regime when the HATP began, many
elements of the design process did not exist or were not yet flight tested. The approach in the HATP
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Figure 2. Flight control design process.



was to address the critical design guidelines and methods and to exercise each element in the design
process using the NASA F/A-18 High Alpha Research Vehicle (HARYV) as the flying test bed.

Although high-o flight was not a complete unknown, little information was available on how
to effectively integrate innovative control effectors with advanced control laws to achieve a signif-
icant increase in high-o. maneuvering capability. The HATP was structured to evaluate the tech-
nologies that could be used to answer some initial questions:

« Can thrust vectoring and forebody strakes be used to provide adequate, predictable control
power at high angles of attack? What strategies can be used to effectively allocate the con-
trol power available?

«  What flight control design techniques can be used or are well-suited for the high-o flight
regime? Are existing linear control design techniques adequate, or will nonlinear tech-
niques be required?

»  What level of increased controllability and agility is required for a “usable” high-o. flight
envelope? What requirements or guidelines can be used to define a “usable” envelope?

e What flying qualities metrics should be used to design and evaluate the control laws? Can
we extend the existing low-a. criteria? What new or evolving approaches should be evalu-
ated? What maneuvers should be used in the evaluation? What parameters should the pilot
control with the stick and rudders at high angles of attack?

A number of issues regarding military utility were outside the scope of the HATP and will not
be covered in this paper. These areas include specific tactics for successful air combat, weapon/
airframe integration, and displays for increased tactical awareness at high .

SIMULATION FACILITIES

A broad range of ground-test and simulation facilities were used concurrently during the
HARYV program. The primary piloted simulation used in the development of performance guide-
lines and handling qualities evaluations was the fixed-base, 40-ft dome differential maneuvering
simulator at NASA Langley. The differential maneuvering simulator was also used in the control
law design process and flight maneuver development.” The piloted simulation at NASA Dryden
was limited to forward visuals only, but could be linked with an all-software, hardware-in-the-
loop, or iron-bird capability. The NASA Dryden simulation was used for flight planning, engineer-
ing, and software development and was the primary site for software and hardware testing. A
configuration-controlled batch simulation, common to both sites, was used as a benchmark with
which to compare other dissimilar simulations.



DESCRIPTION AND EVALUATION OF CONTROL LAWS

During the HARV program, different flight control laws were planned to be designed and
evaluated in flight to cover a broad scope of controls and handling qualities research. To facilitate
design and implementation of control laws using various design techniques, the overall control law
structure was separated into modules (fig. 3). This modularity allowed the longitudinal and the
lateral-directional control laws to be designed using different methodologies. Additionally, the
mixer and thrust estimator were designed and modified independent of the control laws, reducing
the gain scheduling requirements within each control law by isolating those functions dependent
on engine parameters.
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Figure 3. Modular control law structure.

Four research control laws were designed during the HARV program (table 1). The control
laws are described very briefly in the following section. In addition to the major control law releas-
es, modifications were required for some of these control laws during flight testing. Only up-and-
away flight within a limited envelope (at less than Mach 0.7 and an altitude between 15,000 and
45,000 ft) was considered during the design and flight test because the emphasis in the HATP was
on high-ot research. The different methodologies used to accomplish these designs will be dis-
cussed briefly in a later section.

For all of the control laws, angle of attack was a critical parameter used for feedback and gain
scheduling. Unfortunately, angle of attack is not available in the production F/A-18 system at
greater than approximately 35°. Angle of attack, angle-of-attack rate, angle of sideslip, and sideslip
rate were computed in the HARV mission computer using information from the inertial navigation
system.®® The signals were then passed to the flight control computer over a 1553 bus and trans-
ferred to the research flight control system (RFCS) through the dual-port random-access memory
interface. Significant time delay was present in these signals (from approximately 40 to 80 msec),
and various techniques were used to compensate for it.!® Initially, using the computed sideslip
angle as an inner-loop feedback was desired, but flight test showed poor comparison with the
wingtip probes and none of the control law designs evaluated in flight used the signal as feedback.



Although several methods to obtain sideslip at high-o were proposed, no viable alternative to this
computed sideslip was tested during the program.

Table 1. HARV control laws.

Control First Design Control
law flight Axes technique parameter
Longitudinal Nonlinear model- Blend of pseudo
NASA-0 -11191;}’1 following N, and o
Lateral-directional ~ Eigenstructure assignment Py piins Pssability
Longitudinal Variable-gain output Blend of N, and o
feedback
NASA-1A  une o
1994  Lateral-directional ~CRAFT and pseudo Pstability> B
controls
Longitudinal Variable-gain output Blend of N, and o
July feedback
ANSER 1995 L
Lateral-directional ~ CRAFT and pseudo Pstability> Tstability
controls
Longitudinal Nonlinear dynamic Blend of g and o
inversion
NASA-2 None o ] ) :
Lateral-directional ~ Nonlinear dynamic Ptabilisys B
inversion )

The control laws actually used in flight were tested using a progression of maneuvers designed
to evaluate performance, handling qualities, and agility. A wide spectrum of open-loop and closed-
loop tasks were used. Examples of the open-loop maneuvers are o and g captures, pullup-
pushovers, stability-axis rolls, and roll reversals, all at various angles of attack to a maximum 65°.
Air-to-air tracking and gross-acquisition tasks in longitudinal and lateral-directional axes were
incorporated early into the flight test plan to identify flying qualities problems. In addition, a lim-
ited number of basic fighter maneuvers and close-in combat engagements were flown. This rela-
tively quick progression from open-loop to tracking was integrated into the more typical controls
envelope expansion to give a “quick-look” evaluation. The tradeoff is that the closer the tasks got
to actual air combat, the better the evaluation but the more difficult the engineering interpretation.
To enable correlation of flight results with simulation results, most of these maneuvers were also
flown in piloted simulation.

The U.S. Air Force-sponsored standard evaluation maneuvers set (STEMS) study conducted
by McDonnell Douglas Aerospace (MDA) (St. Louis, Missouri) focused on developing critical
evaluation maneuvers for control system design. Several of these maneuvers were developed spe-
cifically for high angles of attack. The purpose of these maneuvers was to definitively show vari-
ations in critical control system characteristics and expose problem areas. Obviously, one
requirement was that the maneuvers be suitable for flight test by being repeatable and reasonably



easy to perform. As an example, the lateral gross acquisition (fig. 4) has been shown to be an ex-
cellent maneuver for evaluating lateral-directional control system characteristics. This maneuver
was originally developed for the MDA linear flying qualities guidelines study. The maneuver was
then used for control law development and lateral control power evaluations!! before becoming
part of the STEMS. Another maneuver used extensively was a combined longitudinal and lateral~
directional fine tracking. Figure 5 shows an overplot of two fine-tracking maneuvers performed on
different flights by different pilots and control laws. The figure clearly shows that consistent results
within a desired o region can be obtained for predominantly heads-up high-o. maneuvers. The
desired o during these maneuvers was 45°, and both maneuvers show significant fine-tracking
evaluation time where angle of attack was within +10° of the desired value.
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Figure 4. Illustration of a lateral gross-acquisition maneuver for 45° .



Lateral and longitudinal fine tracking at 45 o

]
'
'
'
)
)
'
'
'

4\.

[ N S

60 . ;

% Desired il ol ...~ ' I
; L)

Mvviaital g

40 - AN AU SO A Mgyl
! s X , "

a,

deg 30~ -mmorooe

20.--.:,. ................. .

10.__-:... ! ! e e e e E_ ___________________

15 20 25 30 35 40
Time, sec
960567

Figure 5. Time histories of two fine-tracking maneuvers flown by different pilots using different
control] laws.

NASA-O Control Laws

The first set of RFCS control laws, known as NASA-0, were initially developed by MDA and
NASA to demonstrate the research utility of the thrust-vectoring control system and to allow initial
RFCS flight envelope expansion.? Integrating aerodynamic and propulsive controls, the control
laws were designed for large-amplitude maneuvering as well as stabilized flight at high angles of
attack for data acquisition. The pilot commanded o and stability-axis roll rate in the longitudinal
and lateral-directional axes, respectively. In the low-o, high-dynamic pressure envelope where a
blended pitch-rate and normal-acceleration response is desired, the commanded normal accelera-
tion was converted to an o command from a simple model of the lift curve at a fixed, nominal gross
weight. In this way, the NASA-0 control law was an & command system throughout the envelope.

This control law was used to conduct the first documented closed-loop, multiaxis thrust-
vectoring flight. During envelope expansion, considerable high-a data were obtained in steady-
state flight (to a maximum 70° o), and preliminary performance results were obtained in maneu-
vers similar to those described in the previous section. Control law modifications were required



after initial envelope expansion to eliminate control law deficiencies that would have affected sub-
sequent flying qualities evaluations, implement an on-board excitation system used initially for
aeroservoelastic clearance, and add the capability to parametrically vary the nosedown pitch con-
trol power to support control power!? research. The on-board excitation system capability was used
extensively as a generic research tool and was retained for all subsequent control law designs.

As a result of some of the control law changes, gross-acquisition tasks in all axes seemed to
improve, but tracking performance in the pitch axis had degraded. Postflight analysis using some
of the low-o linear handling qualities tools (Smith-Geddes and Neal-Smith procedures) showed
similar trends as those seen in flight.!>!* The Smith-Geddes and Neal-Smith tools, developed
primarily for analysis, were used in a redesign process to fine-tune control law modifications.
Although only a limited number of comparisons were flown, results from flight test indicated
improved tracking for this control law (Version 28) over the previous control law (Version 27) with
no degradation in the gross-acquisition results. Figure 6 shows a summary of the limited handling
qualities evaluations accomplished with all versions of the NASA-0 control law, generally result-
ing in a Level 1-2 result. The histogram shows Cooper-Harper ratings for both longitudinal and
lateral—directional axes summarized across all pilots, flight conditions (including angle of attack),
and evaluation maneuvers described previously.
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Figure 6. Summary of Cooper-Harper ratings for the NASA-0 control laws (all versions).
NASA-1A Control Laws

A prime objective in the NASA-1A control law design was to demonstrate that enhanced agil-
ity, poststall maneuvering, and good handling qualities could be achieved simultaneously. Steady-
state flight at high o was still required to support flight research in other HATP disciplines. This
requirement was a major determinant in the choice of an o. command system at high o and normal
acceleration at low o for the longitudinal axis. The pilot commanded stability-axis roll rate in the
lateral axis and angle of sideslip (approximate) in the directional axis.

The NASA-1A control law was designed in-house by the NASA Langley/NASA Dryden
control law design team. This intercenter approach was deemed an advantage in that it brought
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together expertise and experience in control theory, simulation, flight dynamics, control system
implementation, and flight test techniques. The high-a linear design and open-loop performance
guidelines (to be discussed in a later section) were used as they became available to guide the
NASA-1A design. In particular, the linear guidelines for 30° and 45° o were directly applied to the
design of the lateral—-directional control law. Using engineering pilots and NASA research pilots,
including the HARV project pilots, the NASA-1A control law was evaluated extensively in piloted
simulation in the NASA Langley differential maneuvering simulator, and the results were incor-
porated into the design process.

Flight performance of the NASA-1A longitudinal control law was mixed. The pilot disengaged
the RFCS on the first flight of this control law because of high-frequency vibration. After some
analysis, it was determined that a units error had been made during the aeroservoelastic analysis,
and some unmodelled vane dynamics were not adequately suppressed. Structural filters were
designed, implemented, and tested within 2 weeks, highlighting one benefit of the RFCS. Envelope
expansion resumed with no further structural interactions noted. Steady-state o control proved to
be excellent, and pitch authority was rapid and crisp. For example, the maximum pitch rates
achieved in flight were within the performance guidelines with the only significant deviation being
at 55° o, where pitch-rate capability is limited by insufficient control power.'* The most significant
deficiency observed during the flight tests was the overall sensitivity of the control law, resulting
in increased surface activity, rate and position saturation, and pilot-induced oscillations (PIOs)
during tracking tasks. The pitch sensitivity in flight was much greater than that expected from the
piloted simulation results. This flight test experience led to additional research in the areas of P1IO
analysis and prediction tools and improved piloted simulation maneuvers and techniques.!¢!?

Flight performance of the lateral-directional control law was generally good. For example, the
maximum wind-axis roll rates achieved in flight were very close to the design guideline except at
angles of attack of approximately 60°, and good lateral-directional tracking and predictability was
obtained. However, some discrepancies were noted during the flight evaluation. The pilots did not
like having the rudder pedals command sideslip and preferred a conventional pedal response. For
angles of attack in the 60°-70° range, an asymmetry was observed in the airplane roll response.
Stability-axis rolls to the right initiated at 60° o were completed, whereas rolls to the left could not
be completed. In fact, rolls to the left reversed direction to the right, although left stick was main-
tained throughout. Grit strips were applied to the forebody in an attempt to alleviate this asymme-
try, and rolls to the left at 60° o were successful. However, after the grit was applied, a 1-Hz limit-
cycle oscillation in roll with a peak bank-angle amplitude of approximately 0.5° was observed on
several occasions. Attempts to reproduce this oscillation in the simulation were unsuccessful.!?

Actuated Nose Strakes for Enhanced Rolling Control Laws

The actuated nose strakes for enhanced rolling (ANSER) control law was the only control law
flown on the HARYV designed to command the actuated forebody strakes as well as the thrust-
vectoring and conventional aerodynamic effectors. The ANSER control law was developed to
accomplish the same broad scope of objectives as the NASA-1A control law with the additional
requirement of expanding the ANSER flight envelope and acquiring aerodynamic and flow
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visualization data regarding the forebody strakes. The control law commanded the standard aero-
dynamic surfaces and had three modes of operation for the research effectors selectable by the pi-
lot: TV mode uses pitch and yaw thrust vectoring; S mode uses actuated forebody strakes and pitch
thrust vectoring; and STV mode uses actuated forebody strakes plus pitch and yaw thrust vector-
ing. The mode-switching feature performed well and allowed back-to-back comparison of agility
and handling qualities for the TV, S, and STV modes during one flight. Flight results indicated
thrust vectoring and actuated forebody strakes were both effective for controlling the aircraft in
body-axis yaw at high angles of attack.!8

To minimize design time and changes to the flight software, the initial plan was to use the
NASA-1A design as the ANSER control law TV mode. Some changes to the NASA-1A lateral-
directional control laws were required in addition to the strake modifications. These changes
included reducing the feedback gain magnitudes at 55° and 60° o to eliminate the 1-Hz roll oscil-
lation observed with the NASA-1A control law, limiting the trailing-edge-down aileron deflection
as a function of o to reduce adverse yaw, and changing the rudder pedal path to provide a conven-
tional pedal response. Because the effect of the strakes on airplane longitudinal dynamics was min-
imal, the plan had been to use the NASA-1A longitudinal control law in all three ANSER modes
without change. However, the longitudinal sensitivity observed during NASA-1A flight testing
forced some changes to the longitudinal controller prior to ANSER flight test. To aid in flight test
evaluation, a dial-a-gain feature was implemented in the ANSER control law to provide the
capability for the pilot to select one of three sets of gains (low, medium, and high) for the longitu-
dinal controller. Additionally, the dial-a-gain feature allowed for a wider variation of comparison
between flight and piloted simulation results and produced data for evaluation of PIO prediction
and analysis tools.

Four releases of the ANSER control law were required to provide the necessary changes in the
on-board excitation system to accommodate the many parameter identification, aerodynamic, flow
visualization, and aeroservoelastic research maneuvers. One difference of significance in the four
versions was a change in the a-scheduled symmetric deployment of the nose strakes in S mode and
STV mode. This change was prompted by the occurrence of a small-amplitude oscillation in the
strake deflections in the 15°-20° o region. The new symmetric schedule slightly changed the char-
acter of the oscillations but did not eliminate them. The inability to reproduce these oscillations in
simulation is thought to be a result of modeling errors, perhaps in the aerodynamic models or in
signal delays.

Target-tracking performance of the ANSER longitudinal control law was significantly
improved over the NASA-1A control laws. Evaluation of the three gain sets early in the ANSER
flight tests resulted in the medium gain set being selected as the default feedback gains for most of
the flight testing. Overall longitudinal and lateral-directional performance of the controller was
good as evidenced by the clustering of pilot ratings at 3 and 4 in the histogram of the Cooper-
Harper ratings (fig. 7) received during ANSER flight testing. These ratings are summarized for all
pilots, flight conditions, and rated tasks combined. Ratings were found to be strongly
pilot-dependent, especially for the target-tracking task at 30° and 45° o.. Ostroff, Murphy, Murri,
and Hoffler provide details on the breakdown of ratings by task, angle of attack, and pilot and pro-
vide comparison of flight results with piloted simulation results.'618-20
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Figure 7. Summary of Cooper-Harper ratings for the ANSER control laws.

NASA-2 Control Law

Initially, it was thought that because the high-o. aerodynamics are dominated by nonlinear
effects, a completely nonlinear control law design technique would be required to take full advan-
tage of the flight regime. For this reason, a nonlinear dynamic inversion control law was designed
by Honeywell Systems and Research Center (Minneapolis, Minnesota) and NASA engineers.?!
Although preliminary all-software piloted simulation results were very positive, this particular
nonlinear dynamic inversion control law showed unexpected design and implementation flaws
when tested in the hardware-in-the-loop simulation. The control law was very sensitive to differ-
ences allowed among the four channels by the quad input signal management, a function resident
in the basic F/A-18 flight control computers. Eventually the differences (multiplied by high
surface-command gains) would grow large enough to cause failure enunciation at the actuator
because of a force fight between the channels. These flaws could not be rectified in time to meet
the schedule, and the flight test of this control law was abandoned.

HIGH-ANGLE-OF-ATTACK FLIGHT CONTROL DESIGN GUIDELINES

The approach used in the HATP to address flying qualities requirements was to categorize the
requirements under three topics: linear closed-loop handling qualities guidelines, agility and open-
loop control power guidelines, and nonlinear maneuvering performance guidelines. For the
purposes of this research, addressing each category separately was necessary, but it was recognized
that these areas are closely linked and must be considered together in the development of
final guidelines.

Linear Flying Qualities Guidelines

Well-accepted flying qualities design guidelines for low angles of attack, such as MIL-STD-
1797, have been available for many years, but little flying qualities design criteria were available
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for high angles of attack. Preliminary longitudinal and lateral-directional flying qualities require-
ments at high o were addressed by NASA-sponsored simulation studies conducted by MDA.?? The
MDA flying qualities studies focused on closed-loop flying qualities requirements from 30° to 60°
o. These studies were conducted to identify critical flying qualities requirements, evaluation ma-
neuvers, and piloted test techniques for high angles of attack. These guidelines and maneuvers
were used as they became available in the development and testing of the HARV control law
designs. Maneuvers developed in the simulation and used for handling qualities evaluation were
further refined and used successfully in flight at high angles of attack.

One objective of the MDA studies was to identify key figures of merit that define the flying
characteristics pilots desire for acceptable performance. Conventional parameters such as roll-
mode time constant and short-period frequency and damping were evaluated to determine if low-ol
measures were suitable for high-o applications. In addition, agility and open-loop control power
guidelines focused on measures of maximum maneuvering performance such as peak pitch and roll
rates and time to roll to a bank angle. The importance of meaningful, definitive figures of merit was
highlighted by Murphy,?* where numerous candidate parameters were analyzed and correlated to
pilot opinion.

In general, results of these studies indicated that typical figures of merit used for low angles of
attack were suitable for high angles of attack, but significant differences in the requirements
between the two regimes were clear. For example, lateral-axis dynamics criteria (fig. 8) indicated
large variations in requirements with o.. The implication of this large variation is that the control
law design must adjust to provide the desired dynamic response.
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Figure 8. Example linear design guidelines for the lateral axis showing variations of the Level 1
regions with o.
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Correlation of the flight data with this simulation database is still ongoing. Preliminary results,
however, indicate similar trends but suggest different boundaries between the levels.!* One prob-
lematic aspect of this particular set of criteria is that it is fundamentally based on linear lower-order
equivalent systems. The F/A-18 HARYV flight dynamics are not always represented well in this
framework when evaluated with maneuvers that traverse a large o range and thus violate linear
assumptions. Additionally, maneuvers at high o are often dominated by nonlinear effects such as
control rate or position limits. For a typical high-o full-stick 360° roll in flight, the lateral-
directional aerodynamic surfaces and yaw thrust vectoring are saturated throughout much of the
maneuver. As a result of this control limiting, wind-axis roll-rate response can be fairly linear with
time and is not easily represented as a unique first-order response.

Agility and Open-Loop Control Power Guidelines

The definition of agility has been under continuing debate for many years; however, general
agreement exists that agility involves the ability to achieve angular rates or accelerations for
maneuvering. Examples include peak pitch-acceleration, peak roll-rate, and time-to-bank criteria.
Because these criteria are closely tied to maximum available control power, agility and open-loop
control power guidelines are interrelated and were addressed together in this research. Preliminary
agility and control power guidelines were developed in a variety of simulation studies, and flight
validation was accomplished on many of these criteria. The importance of well-understood control
power requirements was recognized because of its strong impact on airplane design. For example,
nosedown control power can determine the horizontal tail size and center-of-gravity location. Sim-
ilar to the linear flying qualities studies, a major objective in control power and agility research was
to identify key figures of merit that define the maneuvering performance desired by pilots.
Also, maneuvers that define maneuvering performance and are suitable for flight testing were
highly desired.

Open-loop maneuvering goals were addressed early in the HATP by Hoffler in the develop-
ment of maneuvering and agility goals for the HARV.?* These guidelines were intended to provide
preliminary guidance for design of the thrust-vectoring system. Although these guidelines were
developed primarily for the HARV, they were generally suitable for preliminary assessment of
configurations using advanced controls. Figure 9 shows flight results using the NASA-1A control
law (at 1 g and an altitude of 25,000 ft) plotted against the 1-g maximum pitch-rate guideline.

Agility metrics were addressed through simulation and flight experiments to identify key fig-
ures of merit that the pilot uses to judge airplane response.?’ The approach involved piloted eval-
uation of definitive maneuvers for a range of performance levels. Figure 10 shows examples of
maneuvers that were evaluated. One of the objectives of this study was to evaluate a broad range
of agility and handling qualities levels to assess the tradeoff between these two areas. Analysis of
the flight data and correlation with simulation is still in progress.
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Figure 9. Comparison of NASA-1A simulation and flight results with pitch-rate guideline
(maximum afterburner power at an altitude of 25,000 ft).
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Figure 10. Example agility maneuvers used in simulation and flight test.

Beginning in 1990, broad-scope control power assessments were initiated as part of a joint
NASA-U.S. Navy study addressing controls design requirements for next-generation fighter air-
craft. The High- Alpha Nosedown Guidelines (HANG) program addressed the minimum nosedown
control response required for safety of flight. This study used piloted simulation to develop a
database focused on nosedown response requirements. Results showed that pilots judged minimum
nosedown requirements on the short-term response such as pitch acceleration and pitch-rate build-
up, and a single design value was identified.?> The NASA-0 control laws included pilot-selectable
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variability in nosedown pitch authority and command shaping using variable-rate and position-
limiting logic. The piloted simulation results using this capability were validated through a series
of flight evaluations. Figure 11 shows pitch control power variations from three maneuvers flown
sequentially on a single flight. The three identical maneuvers, full-stick pushovers from initial con-
ditions of 1 g, an altitude of 25,000 ft, and 50° a, are overplotted to show the dramatically different
aircraft responses that were evaluated by the pilot and compared to the design values selected from
simulation. Results of this study are in use for next-generation designs, and tactical nosedown
requirements are now being addressed in simulation studies.

Sequential HANG maneuvers using different on-board excitation system settings, Flight 172
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Figure 11. Three sequential HANG pushover maneuvers from 50° o showing aircraft response for
different levels of pitch control power.

The High-Alpha Investigation of Requirements for Roll and Yaw (HAIRRY) program ad-
dressed high-o roll maneuvering requirements for various performance levels.!! The HAIRRY
study also used piloted simulation to develop an extensive database of roll maneuvering require-
ments from 15° to 60° .. Whereas the HANG study focused on safety-of-flight considerations, the
HAIRRY study addressed the tradeoff of roll maneuverability with tactical effectiveness.
Generally, a clear variation in roll maneuvering requirements with angle of attack was identified.
Figure 12 shows a preliminary criterion, based on the simulation results, where time to roll is used
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as a figure of merit. Limited flight evaluations using the HARV were completed, providing prelim-
inary validation of the simulation results.?® In general, the flight results (fig. 12) indicate reason-
able correlation with the simulation criteria, but a comprehensive flight program is needed to fully
validate the simulation results.
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Figure 12. Preliminary roll-maneuvering criteria from the HAIRRY study.
- Nonlinear Maneuvering Performance Guidelines

Nonlinear performance guidelines addressed handling qualities issues related to nonlinear
characteristics of aircraft dynamics. Examples included roll overshoot during aggressive bank-
angle captures and sideslip excursions during rolling maneuvers. In the HATP, numerous guide-
lines were developed, primarily from piloted simulation.” Use of these guidelines involved a “cut-
and-try” approach because explicitly integrating the guidelines into control law design is difficult.
However, these requirements have been shown to have a significant impact on flying qualities and
highly influenced the HARV control law design throughout the program.'>?? Figure 13 shows
simulation and flight results from one control law configuration plotted with the combined 1-g roll
performance and overshoot guidelines. Initially, the roll overshoot guideline was not included, and
roll rate was maximized without consideration to roll overshoot. Pilot comments during simulation
and flight evaluation of the NASA-0 (Version 27) control laws, however, indicated that the roll
overshoot was a key factor in determining the tradeoff between performance and controllability.
The NASA-1A and ANSER lateral control law designs significantly reduced the roll overshoot,
and this reduction resulted in improved pilot comments.
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Figure 13. Comparison of simulation and flight results with nonlinear performance guideline:

maximum p,,. , and time to achieve ¢, , = 90° plotted with Aa, AB, and ¢,,,,,; overshoot
criterion.

CONTROL LAW DESIGN METHODOLOGIES

A goal of the HARYV program was to develop flight-validated control design methodologies for
application to the very nonlinear high-o regime. A number of different control law design meth-
odologies were used and implemented over the life of the HARV program in order to cover a broad
spectrum of effective ideas and to increase the experience base at high c. The design methodolo-
gies were selected in order to evaluate technologies that were thought to be critical to next-
generation aircraft control law development. These technologies include:

* the capability to integrate handling qualities specifications easily in the design phase.

 robust stability and maneuvering performance throughout the envelope, particularly at
high o.

 efficient control power allocation.

 integrated aerodynamic, forebody vortex, and propulsive controls.
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Longitudinal Control Laws

Two significantly different techniques were used to design the longitudinal axis in the NASA-0
and NASA-1A and ANSER control laws. For both control laws, symmetric leading and trailing
flap were commanded as a function of @, identical to the standard F/A-18 control laws. Horizontal
stabilator and pitch-vectoring commands were blended with a washout to eliminate steady-state
vectoring commands caused by thermal limits on the vanes.

The NASA-O technique was a continuous, nonlinear model-following scheme that tried to
force the aircraft response to a desired second-order transfer function.?® Desired eigenvalues were
defined by the selection of the short-period parameters for the lower-order transfer function. Open-
loop dynamics were computed from a nonlinear aerodynamic model contained in the control laws.
Control system gains were computed from the algebraic difference between the desired and open-
loop short-period approximations. Compensation was added to account for the high-frequency
effects (actuator and sensor dynamics and structural filtering) neglected in the simplified nonlinear
aerodynamic model. Pitch rate, estimated o rate, and o were used as the primary feedback. Non-
linear compensation included inertial coupling (roll rate times yaw rate) and gyroscopic coupling.
At low dynamic pressures and high throttle settings typical of high-ot thrust-vectored flight, gyro-
scopic coupling was a significant part of the cross-axis vehicle dynamics.

The NASA-1A and ANSER longitudinal control laws were a direct digital design accom-
plished using variable-gain output feedback, an approach initially developed for NASA Langley
under contract. The technique is derived from a stochastic, optimal, discrete, output-feedback
design approach developed by Halyo and Broussard® and is useful for extending the operating
envelope of linear control laws. Traditional design methods involve performing constant-gain
designs at several different operating points using linear techniques, then creating a gain schedule
between points using some type of curve fit. With the variable-gain output feedback technique, all
design points are handled simultaneously. Linear models at several aircraft operating points are
integrated into a single design problem to obtain a variable-gain global controller with gains that
are functionals of aircraft parameters (fig. 14). Gains are adjusted for varying operating conditions
by evaluating these functionals, which may be linear, such as f(Mach), or nonlinear, such as f(o.*).
This technique can be used with many different control structures, but for the HARV, a
proportional-integral filter structure was used with the control equations implemented in incremen-
tal form.’® For NASA-1A and ANSER, feedback gains were computed simultaneously for 39 de-
sign points, or flight conditions, and a gain-scheduling algorithm for computing feedback gains
between design points was designed at the same time. Feedback parameters were pitch rate, o, and
normal acceleration. A detailed discussion of the design, simulation, and flight results can be found
in references.?*3!

Variable-gain output feedback is an optimal control design technique that computes feedback
gains by minimizing a quadratic cost function. A drawback to this technique is the difficulty in
directly incorporating handling qualities criteria such as the MDA linear guidelines. Tuning the
variable-gain output feedback design in the sense of adjusting a single feedback path is also diffi-
cult because the technique does not readily accommodate changing one gain at a time. This diffi-
culty was encountered in the adjustment of the integrator gain, which reduced the longitudinal
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sensitivity in the NASA-1A redesign. By adjusting weighting matrices, however, the designer was
able to adjust gains so the dominant change was in the integrator gain.
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Figure 14. Variable-gain output feedback design method.

Lateral-Directional Control Laws

The NASA-0 and NASA-1A and ANSER control laws used eigenstructure assignment®2-33 for
the basis of the lateral-directional control law design, although the control laws varied greatly in
focus and actual implementation. Both control laws used a fairly conventional set of feedback
parameters that included roll and yaw rates, lateral acceleration, and estimated sideslip rate.

The NASA-O control law approach was a fairly standard eigenstructure-assignment
design. Control power allocation was through a fixed ratio of surface deflection. At a dynamic pres-
sure greater than approximately 150 1bf/ft?, however, the control laws transitioned to the standard
F/A-18 lateral-directional commands with some additional yaw thrust vectoring. This transition
was required because of inadequate stability margins and excessive gains resulting from this
eigenstructure-assignment design.

The NASA-1A and ANSER lateral—directional control laws were divided into two modules
to try to separate the tasks of designing the feedback gains from allocation of the multiple
control effectors. Feedback gains were designed at 12 flight conditions using a methodology called
control power, robustness, agility, and flying qualities tradeoffs (CRAFT)!> and then scheduled
with flight condition.

The CRAFT technique addresses the design objectives of satisfying the control power con-

straints, providing adequate robustness, maximizing agility, and providing satisfactory flying qual-
ities. The CRAFT technique provides a graphical method to allow the designer to perform the
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tradeoffs required during the linear design phase to achieve a design that is the best compromise
among the four design objectives.!> As figure 15 shows, these tradeoffs are accomplished by sys-
tematically evaluating the closed-loop system at specified design points over an appropriate design
space. At each design point, closed-loop metrics, which quantify the design objectives, are evalu-
ated and plotted over the design space. In a sense, the CRAFT technique is a “brute force” approach
in that the designer attempts to find the best solution by designing and computing metrics for a
large number of designs. The advantages of the CRAFT technique are that it automates the process
of designing over the matrix of points and provides a composite graphical display of the results.
These plots indicate the desirable regions in design space based on metric values. Graphically over-
laying desirable regions gives the designer a clear view of the tradeoffs and sensitivities involved.
Gain scheduling the resulting single-point designs, however, is still required.
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Figure 15. CRAFT design method.

The feed-forward path includes inertial compensation and a distributor to apportion the control
law commands to the appropriate aerodynamic and thrust-vectoring control effectors. The distrib-
utor was designed using a technique known as pseudo controls.’ For example, the rudder, yaw
thrust-vectoring system, and actuated nose strakes effectively produce body-axis yawing moment.
The relative control effectiveness of each effector, though, is not constant over the entire flight
envelope. Using a model of the relative control effectiveness of each surface over the flight enve-
lope, pseudo controls allow the designer to develop surface schedules that apportion the command
to the control effectors in a manner that maximizes the moment in the desired axis while minimiz-
ing the moment produced in the other axes.
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THRUST-VECTORING VANE MIXER

The HARYV produces multiaxis thrust vectoring using an experimental thrust-vectoring system
with six thrust-vectoring vanes.®3” These thrust-vectoring vanes are interfaced with the flight con-
trol laws through a separate function known as the mixer. The control effectiveness of each vane
is highly nonlinear, dependent on engine parameters and flight condition, and—unlike convention-
al aerodynamic surfaces—very dependent on the position of the other vanes around the same
engine. This latter behavior made conventional surface scheduling impractical. Isolating the thrust-
vectoring control allocation within the mixer allows the control laws to be designed or modified
separately, as mentioned previously, with three moment commands (pitch, roll, and yaw) rather
than six vane commands. In addition, the mixer adjusts the thrust-vectoring commands to account
for changes in thrust level and losses in thrust caused by thrust vectoring*® and limits the commands
as a function of flight condition to avoid excessive structural loads.

Because direct measurement of in-flight gross thrust was not available to the flight controls, in-
flight gross thrust was calculated from a model of ideal gross thrust based on nozzle throat area,
nozzle pressure ratio, and ambient pressure.”® Comparison with in-flight real-time thrust
measurement3® values for each engine indicated that results of this estimated gross thrust were
within approximately 7 percent of measured values.

Two mixer designs were used in the HARV program. The first was developed by the
contractor?® and delivered with the first release of the NASA-0 control laws. A second mixer (Mix-
er 4.2) was developed by the HARYV controls team to improve the vectoring performance, add the
capability of roll vectoring, and implement a priority scheme between the vectoring commands
when the thrust-vectoring system was not capable of satisfying those commands simultaneously.*°
Mixer 4.2 was used in the NASA-1A and ANSER control laws, and a modified version was used
in the NASA-2 design. Even though Mixer 4.2 was designed with roll thrust-vectoring capability,
roll thrust vectoring was not used in the NASA-1A and ANSER control laws.

Both mixers were based on ground tests with a 14.25-percent model of the HARYV thrust-
vectoring system.*! This high-pressure cold-jet test was conducted to measure the thrust-vectoring
effectiveness of the vane system (that is, to measure the thrust vectoring as a function of the vane
deflection angles). Recent flight results from parameter identification show excellent comparisons
with the cold-jet results. For the Mixer 4.2 design, a numerical optimization procedure was used to
invert the cold-jet data to obtain vane deflection angles as a function of desired pitch- and yaw-
moment commands. To conserve memory in the flight computer, these inverted data were stored
in variable-density, nonrectangular arrays such that data outside the irregularly shaped boundary
of achievable thrust vectoring were not included.

ROLE OF PILOTED SIMULATION IN DESIGN PROCESS

A program goal had been to demonstrate that even in the relatively unknown high-a flight
regime, the amount of flight test time required to develop a new control law and the number of
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design changes during flight testing could be minimized by extensively using piloted simulation in
an iterative process with control design and tuning and with new high-o design guidelines. Obvi-
ously, this goal was not accomplished with unqualified success because the occurrence of PIO with
the NASA-1A longitudinal control law was not predicted by simulation, although the control law
was evaluated extensively in the NASA Langley differential maneuvering simulator with multiple
pilots, including the project flight test pilots. The reasons for this are not clear, but possibilities in-
clude lack of motion cues, pilot adaptation because of familiarity with the tasks and the control
laws, and generally low pilot gain in simulation compared to flight. Reliability of simulator results
may be improved by carefully defining the task, giving careful consideration to all pilot comments,
and fully investigating the reasons for isolated poor pilot ratings.'¢

CONCLUDING REMARKS

The High-Alpha Technology Program (HATP) was considered unique because of the broad
scope of research that was conducted during the program. Significant progress was made in devel-
oping design guidelines that did not exist prior to the HATP, and these results should provide a
foundation for future designs.

Conventional flying qualities metrics were successfully evaluated at high angles of attack. Cor-
relation to flight for those metrics based on low-order linear systems was a complicated task
because of nonlinear response characteristics. Good handling qualities were achieved, but
numerous issues such as pilot command variables were left unresolved. Appropriate evaluation
maneuvers were shown to be critical to expose control system problems.

Performance in the conventional and poststall flight regimes can be significantly improved
with a thrust-vectoring and forebody-vortex control capability and advanced control laws. The
large increase in controllability was critical in achieving the unprecedented levels of agility and
carefree maneuverability demonstrated. Flight results indicated thrust vectoring and actuated fore-
body strakes were effective for controlling the aircraft in body-axis yaw at high angles of attack.

Linear control law design techniques can be used successfully in nonlinear flight regimes with
some nonlinear compensation techniques to account for cross-axis coupling terms readily apparent
at high angle of attack. Ease of modification is an important consideration in implementation and
subsequent use of research flight control laws. Capabilities such as an on-board excitation system
and dial-a-gain can be effectively used to reduce the flight test time required.

The importance of an accurate simulation model was clearly demonstrated. Every step of the
design process relied heavily on a model that accounted for the nonlinear aerodynamics as well as
flight computer and sensor characteristics. Piloted simulation was shown to be a key element in
helping to mature a design prior to flight and addressing problem areas. However, pilot-induced
oscillation prediction, using simulation and current analytical methods, was shown to be a signifi-
cant problem area that will require focused study for future designs.

A primary goal of the controls research in the HATP was to accelerate and mature controls
design technology for future fighter aircraft. This paper has summarized the approach to achieving

24



this goal by discussing research activities on the various elements in the design process. Several
‘control design methodologies were evaluated in flight, illustrating the strengths and weaknesses in
the design process.
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